which must be classified as an American-African-Eurasian South Holarctic species. However, this does not correspond to the set of probable geographic and mycoflorogenetic units of powdery mildews proposed by Heluta (1993 Heluta ( , 1995 . These units consist of species having many factors in common, mainly their probable time and place of origin and current habitats. It is also not in accordance with Heluta's (1992) hypothesis on the ways of powdery mildew migration. Therefore, Voytyuk et al. (2004) assumed that this hypothesis was either not fully correct or N. cumminsiana is a species complex with similar morphological characteristics. In the latter case 'N. cumminsiana' might be descended from an ancestor such as N. galeopsidis and might have emerged independently in several regions of North and South America, Africa, or Eurasia. In addition, specimens of Israeli 'N. cumminsiana' are morphologically not uniform. Voytyuk et al. (2004 Voytyuk et al. ( , 2006 reported that collections on Phagnalon rupestre had much larger chasmothecia and smaller peridial cells than those on other host plants. Furthermore, the taxonomic status of Eurasian 'N. geranii' and 'N. cumminsiana' was never examined with molecular methods. The goal of this study was to clarify the origin of the European populations of N. geranii and the Eurasian biotypes of 'N. cumminsiana', using mainly molecular methods.
MATERIALS And METHodS

Molecular phylogenetic studies
The fungal species, host plants, location of collection, and accession numbers for the nucleotide sequence databases (DDBJ, EMBL and GenBank) are provided in Table 1 . Isolation of whole-cell DNA was performed using the chelex method (Walsh et al. 1991) as described in Hirata & Takamatsu (1996) . The 5'-end of the 28S rDNA, including the domains D1 and D2, and ITS region, including the 5.8S rDNA, were amplified by polymerase chain reaction (PCR) and then sequenced using direct sequencing as described in Takamatsu et al. (2006) .
The sequences were initially aligned using the Clustal X package (Thompson et al. 1997) . The alignment was then visually refined with MacClade v4.08 (Maddison & Maddison 2005) . The alignments were deposited in TreeBASE (www.treebase.org/). Phylogenetic trees were obtained from the data using the maximum parsimony (MP) method in PAUP* 4.0 (Swofford 2001) and Bayesian analysis in MrBayes 3.1.1 (Huelsenbeck & Ronquist 2001) . MP analyses were performed with the heuristic search option using the 'tree-bisection-reconstruction' (TBR) algorithm with 100 random sequence additions to find the global optimum tree. All sites were treated as unordered and unweighted, with gaps treated as missing data. The strength of the internal branches of the resulting trees was tested with bootstrap (BS) analyses (Felsenstein 1985) using 1 000 replications with the stepwise addition option set as simple and maximum tree number as 100. BS values 70 % or higher are provided.
For Bayesian phylogenetic analyses, the best-fit evolutionary model was determined for each dataset by comparing different evolutionary models via the Akaike information criterion (AIC) using PAUP* and MrModeltest 2.2 (Nylander 2004 tions and the Markov chains were sampled every 100 generations, which resulted in 2 × 10 4 sampled trees. To ensure that the Markov chain did not become trapped in local optima, we used the MCMCMC algorithm, performing the estimation with four incrementally heated Markov chains. Bayesian posterior probability (PP) values 0.95 or higher are shown.
Morphological analysis
Powdery mildew specimens involved in the morphological analysis are listed after each description of new taxa. Morphological features of the specimens were examined and photographed using light microscopes MBI-6 (LOMO, Russia) with objectives ×16 and ×40 (Carl Zeiss, Germany) in phase contrast and Primo Star (Carl Zeiss, Germany) with objectives ×10 and ×40. Photographs were prepared by the digital cameras EOS 350D and PowerShot A640 (both Canon, Tokyo, Japan), accordingly. Shrivelled conidiophores, conidia and superficial hyphae were restored by heating to start of boiling in 40 % lactic acid. Only dry chasmothecia on host leaves were measured. For each morphological feature 30 structures were measured and the data processed statistically. Limits of variation were determined as M ± 1.96 σ, where M is a simple average and σ is a standard deviation. The SEM micrographs were obtained with a Jeol JSM -6060LA (Tokyo, Japan) SEM microscope. Dry pieces of leaf with mycelium, conidia, and ascomata were glued to metallic stubs and gold coated under vacuum. The specimens examined are deposited at HAI, HUJ, KW, MUMH, and TNS (abbreviations according to Holmgren et al. (1990) ).
RESuLTS
ITS phylogeny
Thirty-five ITS sequences of Neoerysiphe spp. were newly determined in this study (Table 1) . These sequences were aligned with 30 sequences of Neoerysiphe spp. and three sequences of Arthrocladiella mougeotii used as an outgroup taxon. The dataset consisted of 68 sequences and 523 characters. All characters were aligned unambiguously. Of the 523 characters, 119 were variable and 104 characters were phylogenetically informative for parsimony analysis. A total of 58 100 equally parsimonious trees with 187 steps (CI = 0.775, RI = 0.961, RC = 0.745) were generated by the MP analysis, when it had to be terminated due to the limit of memory size of the software. One of the trees is shown in Fig. 1 . We also performed parsimony ratchet analysis (Nixon 1999 ) using PAUP* and PAUPRat v1 (Sikes & Lewis 2001) and confirmed the generation of almost identical tree topologies with the same tree length. Thus, we concluded that the tree shown in Fig. 1 is not the result of a local optimum. MrModeltest selected SYM+I+G model as the best for this dataset. Bayesian analysis was performed using this evolution model and yielded 2 × 10 4 trees. Of the trees, the first 14 130 were discarded (burn-in) because the average standard deviation of the split frequencies (ASDSF) dropped below 0.01. The remaining 5 870 trees were summarised in a majority-rule consensus tree, yielding the probability of each clade being monophyletic. The tree topology by the Bayesian analysis was almost identical to the MP tree, and thus the former tree is not shown.
The 65 sequences of Neoerysiphe analyzed in this study were divided into three large clades (A, B and C) clearly defined by their geographical distributions and host plants. Clade A consisted of a single species, N. galeopsidis, and is supported strongly with both BS and PP values (BS = 90 %; PP = 0.90). Hosts of this species mostly belong to the Lamiaceae, but Acanthus (Acanthaceae) and Catalpa (Bignoniaceae) are also included in this clade as hosts. Maximum genetic divergence within this clade is only 0.8 %, which suggests that N. galeop sidis diverged on the Lamiaceae and sporadically infected other plant families recently. Clades B and C formed a larger clade (BS = 80 %; PP = 0.99). Clade B (BS = 75 %; PP = 1.0) consists of hosts of the Asteraceae, and one specimen from both Aloysia (Verbenaceae) and Aristotelia (Elaeocarpaceae) collected in North and South America and Japan. This clade is further divided into four subclades. B1 contains Oidium baccharidis on Baccharis (tribe Astereae, Asteraceae) and B3 contains O. aloysiae on Aloysia, both collected in Argentina. B2 consists of O. maquii on Aristotelia, N. cumminsiana on Bidens (tribe Heliantheae, Asteraceae) and Eupatorium (tribe Eupato rieae, Asteraceae), and Oidium sp. on Galinsoga (tribe Miller ieae, Asteraceae) obtained from the USA and South America (BS = 91 %; PP = 0.99). B4 (BS = 99 %; PP = 1.0) comprises seven sequences of Neoerysiphe on Cacalia and Ligularia (tribe Senecioneae, Asteraceae) collected in Japan. These seven sequences are identical to each other. This fungus has been identified as N. cumminsiana (Nomura 1997 , Takamatsu et al. 2008 , but the present analysis indicates that the fungus forms an independent lineage different from N. cumminsiana collected in North and South America. Clade C (BS = 74 %; PP = 0.89) comprises Neoerysiphe spp. collected in Eurasia, especially in Mediterranean and circum Mediterranean areas like the north part of Israel and the south part of Ukraine, and is further divided into four subclades. C1 consists of a single sequence of a fungus on Phagnalon rupestre (tribe Gnapha lieae, Asteraceae) collected in Israel. The same sequence was obtained when the sequencing of the DNA extraction from this specimen was repeated. Subclades C2 and C3 consisted of N. galii on Galium spp. (Rubiaceae) and N. geranii on Geranium spp. (Geraniaceae), respectively. Both clades were strongly supported by BS and PP values (BS = 100 %; PP = 1.0 in both C2 and C3). All these specimens were collected in Europe, except for specimens of N. geranii collected in Japan and one sample of N. galii from Israel. C4 consisted of 13 sequences from fungi on tribe Cichorieae of the Asteraceae, collected in Israel and Ukraine. There was some genetic divergence within this clade. Subclades C3 and C4 formed a clade with strong support (BS = 56 %; PP = 1.0).
28S phylogeny
Thirty-one 28S rDNA sequences including D1/D2 domains of Neoerysiphe spp. were newly determined in this study (Table 1) . These sequences were aligned with 21 sequences of Neoerysiphe spp. and two sequences of Arthrocladiella mougeotii used as an outgroup taxon. The dataset consisted of 54 sequences and 650 characters. All characters were aligned unambiguously. Of the 650 characters, 65 were variable and 51 characters were phylogenetically informative for parsimony analysis. A total of 14 equally parsimonious trees with 87 steps (CI = 0.770, RI = 0.944, RC = 0.727) were generated by the MP analysis. Of these 14 trees, a tree with the highest likelihood value is shown in Fig. 2 . MrModeltest selected GTR+I model as the best for this dataset. Bayesian analysis using this evolution model yielded 2 × 10 4 trees. Of these, the first 7 020 were discarded (burn-in) because ASDSF dropped below 0.01. The remaining 12 980 trees were summarised in a majority-rule consensus tree, yielding the probability of each clade being monophyletic. The tree topology by the Bayesian analysis was almost identical to the MP tree, and thus the former tree is not shown.
The tree constructed by the 28S rDNA dataset strongly supported the phylogeny of Neoerysiphe shown in the ITS tree. Neoerysiphe sequences analysed in this study were divided into three large clades (A, B, and C), although clade B was collapsed in the strict consensus tree. Subclades B1, B2, B3, B4, C1, C2, C3, and C4 are also supported in the 28S tree, although BS and PP supports were lower than those in ITS tree. Subclades C3 and C4 formed a clade with strong support (BS = 85 %; PP = 0.99).
Morphology
Mycelium of samples belonging to subclade B4 was well developed, especially along the veins of the leaves (Fig. 3a) . Primary hyphae had distinct appressoria. The secondary mycelium appeared simultaneously with chasmothecium initials immediately following the sexual reproduction. This mycelium consisted of thin hyaline hyphae that later surrounded chasmothecia as an Fig. 2 Phylogenetic analysis of the divergent domains D1 and D2 sequences of the 28S rDNA for 54 sequences from Neoerysiphe with Arthrocladiella used as outgroup taxon. The tree is a phylogram of the tree with the highest likelihood score among the 14 MP trees with 87 steps, which was obtained and constructed as described for Fig. 1 . Bold lines denote branches present in the strict consensus tree. Nodes with asterisks (*) denote that the nodes collapsed in the strict consensus tree.
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interlacing delicate or somewhat denser web (Fig. 3b, g ). It should be noted that both mycelia are pure white without any yellowish or brownish tints. In contrast to these fungi, samples of subclade C4 had yellowish primary mycelium which gave rise to white secondary mycelium occasionally with somewhat yellowish hyphae. Mycelium of the fungus on Phagnalon rupestre (C1) was very weakly developed, almost invisible, greyish and only confined to primary mycelium. Hyphal appressoria in all groups were variable, of similar size, unlobed or somewhat lobate (Fig.  3c, d and 5a-c). Anamorphs were observed only in subclades B4 and C4. Conidiophores were very similar morphologically, with straight, cylindrical foot-cells, frequently increasing from base to top, 24 -45.5 × 9.5 -12.5 µm, followed by 1-2 shorter cells and conidium initials (Fig. 3e, h and 5e ). However, in subclade C4 the foot-cells were occasionally very long, up to 100 µm. Conidia in subclade B4 were catenate, mainly cylindrical with rounded ends, often oblong ellipsoidal, long, up to 48 µm (Fig. 3f) , whereas in C4 they were mainly ellipsoidal or short cylindrical with rounded ends, often almost limoniform, short, up to 36 µm (Fig. 5f) ; the length/width ratios were 1.9-3.5 (average 2.7) and 1.5-2.5 (average 1.9), respectively. Chasmothecia of all specimens studied were hemispherical, depressed or even concave in the lower part (Fig. 3i, 4c , and 5i) but on Phagnalon rupestre (C1) they were more flattened and distinctly larger, up to 200 µm diam. This contrasted with the other specimens, e.g. subclades B4 and C4 having chasmothecial diameters mainly up to 157 µm and 148 µm, respectively. The fungus on Phagnalon also had a rather transparent peridium, enabling the number of asci to be easily viewed and counted whilst still within the chasmothecium (Fig. 4d) . Peridial cells of this fungus were obscure, polygonal or irregular in shape and small, 11-17(-33) × 10 -14(-16) µm. The peridial surface was indistinctly close-meshed or knobbly (Fig. 4b, c) , whilst in subclades B4 and C4 the peridium was less transparent with asci invisible within the chasmothecium. Peridial cells in subclade B4 were, however, more visible and more regular in shape than those of the Phagnalon parasite, but similarly small. Peridial cells in subclade C4 were distinguished from those in C1 and B4 by being distinct and perceptibly larger, up to 30 × 17 µm. The peridial surface also differed in being distinctly meshed and similar to the other samples in this group (Fig. 5i, j) with the exception of the fungus on Scolymus hispanicus. This fungus has chasmothecia with a deeply pitted peridium where cell junctions formed conspicuous ridges (Fig. 5k) . Appendages of all specimens studied were well developed but very short and hyaline in chasmothecia on Phagnalon rupestre. In subclade B4 appendages were also hyaline and only in one specimen they were somewhat yellowish. All those in C4 were more or less pigmented. Asci in all three clades B4, C1, and C4 were similar in shape, mainly obpyriform, stipitate, and immature in the current season but they were more oblong on Phagnalon and more numerous, 16-32 per chasmothecium, in contrast to subclades B4 and C4 where the number of asci did not exceed 12 (compare Fig. 4g with Fig. 3n and 5n -q).
Morphological analysis indicated that the fungi belonging to subclades B4, C1 and C4 had obvious differences and must be treated as separate species. This conclusion fully agreed with the results of our phylogenetic analysis. The type specimen of N. cumminsiana, another Neoerysiphe species parasitizing the Asteraceae, was also included in the morphological analysis. In this specimen secondary mycelium was also formed, but it is barely visible and appressed to the substrate. Chasmothecia were large like those on Phagnalon but differed in having a unique structure, characterised by a clearly visible basal evagination up to 27 µm height (Fig. 4h-j) . Such a feature is unknown in any other Neoerysiphe species. Although the peridium of N. cumminsiana was also transparent and the chasmothecia were large like those on Phagnalon, the asci were fewer, mainly 10, and notably larger, 50 -57 × 31-35.5 µm. Thus, all the studied samples of Eurasian Neoerysiphe parasitizing Asteraceae differed from N. cumminsiana morphologically and so do undoubtedly not belong to this species. An attempt to sequence the type specimen of N. cumminsiana failed.
Results of the phylogenetic analysis indicated that subclades C4 and C3 (N. geranii) were sister groups. Their propinquity was confirmed by morphological examinations of these fungi, including the type specimen of N. geranii. However, subclade C4 had a more developed secondary mycelium, a conidial surface with larger number of lengthwise striations, a less transparent peridium, and asci more ellipsoidal than obpyriform (compare Fig. 5h -q with 4l -o).
Neoerysiphe on Phagnalon (C1) differs strongly from all known Neoerysiphe species, first of all, by its large chasmothecia with numerous somewhat elongated asci. Powdery mildews in subclade B4 are allied to American N. cumminsiana but they differ in having smaller fruiting bodies, chasmothecium being concave in the lower half, without evagination and aerial secondary mycelium, not appressed to the substrate. Morphologically, this group seems to be closer to subclade C4 but is distinguished by long cylindrical conidia, white secondary mycelium, and a less sculptured chasmothecial surface.
Taxonomy
Phylogenetic and morphological analyses have indicated that all three groups of Eurasian Neoerysiphe specimens parasitizing Asteraceae do not correspond to N. cumminsiana or any other known species of this genus, i.e. they have to be considered separate, new species, which are described as N. hiratae from Japan, N. joerstadii from Israel, and N. nevoi, including its variety scolymi, mainly from the Mediterranean region.
Neoerysiphe hiratae Heluta & S. Takam., sp. nov. -MycoBank MB513278; Fig. 3 Anamorph. Oidium subgenus Striatoidium.
Species nostra Neoerysiphe cumminsianae affinis est tamen mycelio secundario albo et tomentoso, conidiis longis, chasmotheciis minoribus et basi chasmothecii protuberatione carens bene differt.
Etymology. Named in honour of the famous Japanese mycologist Koji Amano (Hirata) .
Mycelium amphigenous, often more developed along the veins of leaves, also caulicolous and on petioles, at first forming patches, then confluent. Primary mycelium thin, greyish, hyphal diam 5-6(-11) µm. Secondary mycelium arising from primary hyphae, pure white, hyphae smooth, without appressoria, 5-6 µm diam, forming a delicate or thick and tomentose web around ascomata. Hyphal appressoria very variable in shape and size, distinct, unlobed or slightly lobate, frequently in pairs, 7-10 × 4.5 -6.5 µm. Conidiophores straight or sometimes arcuate, 112 -154 µm, foot-cells cylindrical, 24 -41 × 11-12 µm, frequently increasing in width towards the tip, followed by one shorter cell and conidial initials. Conidia catenate, mainly cylindrical with rounded ends, often oblong ellipsoidal, 27-48 × 11-17.5 µm, length/width ratio 1.9 -3.5 (average 2.7). Chasmothecia scattered, hemispherical, depressed in the lower part, with an indistinct close-meshed or often knobbly peridial surface, (102-)105-153(-157) µm diam. Peridial cells polygonal or irregular, small, 9-20 × 5-12 µm. Appendages numerous, in the basal part of the chasmothecium, mycelioid, well developed, 0.5-2 times as long as the chasmothecial diam, 5-6 µm wide, hyaline, rarely somewhat brownish. Asci 7-12 per chasmothecium, immature, oblong ellipsoid, obpyriform, with an irregular outline, wide in the lower part and abruptly narrowed in the upper part, 46-57 × 21-30 µm, short-stalked, ascospores not developed before overwintering. Neoerysiphe nevoi Heluta & S. Takam., sp. nov. -MycoBank MB513280; Fig. 5 Anamorph. Oidium subgenus Striatoidium.
Species nostra Neoerysiphe geranii affinis est tamen mycelio secundario bene evoluto, conidiis magis striatulis, peridio minus translucenti, ascis magis ellipsoideis et minus pyriformibus differt.
Etymology. Named in honour of the famous Israeli biologist Eviatar Nevo. Mycelium amphigenous, also caulicolous, effuse. Primary my celium thin, yellowish, hyphal diam 4.5-7.5 µm. Secondary my celium arising from primary hyphae, white to brownish, hyphae smooth, without appressoria, 4.5 -6.5 µm diam, surrounding ascomata mainly as a delicate web, persistent or evanescent. Hyphal appressoria on primary mycelium variable in shape and size, distinct, unlobed or slightly lobate, 6.5 -8.5 × 4 -5 µm. Conidiophores straight or somewhat arcuate, 125 -165 µm, foot-cells cylindrical, 28.5 -45.5(-100) × 9.5 -12.5 µm, frequently increasing in width towards the tip, followed by 1-2 shorter cells and conidial initials. Conidia catenate, mainly ellipsoidal or short cylindrical with rounded ends, often almost limoniform, 23.5 -36 × 11-17.5 µm, length/width ratio 1.5-2.5 (average 1.9). Conidial germ tube with a lobed appressorium typical of the Striatoidium type as defined by Cook & Braun (2009) . Chasmothecia scattered, hemispherical, depressed in the lower part, with a distinctly meshed peridial surface, (90 -)94 -138(-148) µm diam. Peridial cells rather distinct, polygonal, rounded or irregular in shape, 11-30 × 11-17 µm. Appendages numerous, in the basal part of the chasmothecium, mycelioid, well developed or occasionally poorly developed, 0.5-2 times as long as the chasmothecial diam, 5.5 -6.5(-8) µm wide, somewhat rough, brownish, yellow, rarely hyaline. Asci 6 -12 per chasmothecium, immature, oblong ovoid to obpyriform, with irregular outline, wide in the lower part and narrowed in the upper part, 40.5 -51.5 × 21-25 µm, stalked, ascospores not developed before overwintering.
